Objective: The association between thyroid disease and breast cancer risk remains unclear. We, therefore examined the association between hypothyroidism, hyperthyroidism and breast cancer risk. Design: This was a population-based cohort study. Methods: Using nationwide registries, we identified all women in Denmark with a first-time hospital diagnosis of hypothyroidism or hyperthyroidism, 1978-2013. We estimated the excess risk of breast cancer among patients with hypothyroidism or hyperthyroidism compared with the expected risk in the general population, using standardized incidence ratios (SIRs) as a measure of risk ratio. Breast cancer diagnoses in the first 12 months following diagnosis of thyroid disease were excluded from the calculations to avoid diagnostic work-up bias. Results: We included 61 873 women diagnosed with hypothyroidism and 80 343 women diagnosed with hyperthyroidism. Median follow-up time was 4.9 years (interquartile range (IQR): 1.8-9.5 years) for hypothyroidism and 7.4 years (IQR: 3.1-13.5 years) for hyperthyroidism. Hyperthyroidism was associated with a slightly increased breast cancer risk compared with the general population (SIR: 1.11, 95% CI: 1.07-1.16), which persisted beyond 5 years of follow-up (SIR: 1.13, 95% CI: 1.08-1.19). In comparison, hypothyroidism was associated with a slightly lower risk of breast cancer (SIR: 0.94, 95% CI: 0.88-1.00). Stratification by cancer stage at diagnosis, estrogen receptor status, age, comorbidity, history of alcohol-related disease and clinical diagnoses of obesity produced little change in cancer risk. Conclusions: We found an increased risk of breast cancer in women with hyperthyroidism and a slightly decreased risk in women with hypothyroidism indicating an association between thyroid function level and breast cancer risk.
Introduction
Breast cancer is the most frequent cancer in females, with 458 337 new cases diagnosed in Europe in 2012 (1) . Endogenous and exogenous sex hormones play an important role in the etiology of breast cancer (2) . In vitro, high levels of thyroid hormones have estrogen-like effects (3, 4) , promoting breast cancer cell proliferation (5, 6) and stimulating angiogenesis (7) . Therefore, hyperthyroidism, characterized by increased levels of thyroid hormones, may potentially also increase breast cancer risk.
Epidemiological evidence concerning thyroid disorders and breast cancer risk remains unclear. Some epidemiological studies have reported increased risks associated with hypothyroidism (8, 9) , hyperthyroidism (10, 11, 12) , goiter (13) and thyroid autoimmune diseases (14, 15) , while others have found no association (9, 16, 17, 18) . Only four studies employed a cohort design (9, 11, 12, 15) ; in case-control studies, reverse causation is a plausible competing explanation since breast cancer or its treatment may affect thyroid hormone levels (19) . Moreover, some studies have not distinguished between hypothyroidism and hyperthyroidism, despite their contrasting hormonal profiles (13, 16, 17) . We conducted a nationwide population-based cohort study in Denmark to examine the association between hypothyroidism, hyperthyroidism and risk of breast cancer.
Subject and methods

Study setting
In this nationwide population-based cohort study in Denmark we included data from 1 January 1978 to 31 November 2013. The Danish National Health Service guarantees tax-supported health care for all residents. Health service utilization is tracked by several nationwide registries, which are linkable using each resident's universal personal identifier, assigned to all Danish residents at birth or upon immigration since 1968 (20) . Our study's source population consisted of the 4 177 429 women who resided in Denmark during the study period.
Hypothyroidism and hyperthyroidism
The Danish National Patient Registry (DNPR) contains information on all inpatient hospitalizations at Danish non-psychiatric hospitals since 1977 and outpatient and emergency department visits since 1995 (21, 22) . Each hospital visit is recorded by physicians with one primary diagnosis and one or more secondary diagnoses classified according to the International Classification of Diseases, 8th edition (ICD-8) until the end of 1993, and ICD-10 thereafter. We used the DNPR to identify all women with a first-time diagnosis of hypothyroidism or hyperthyroidism from 1978 through 2013 (see Supplementary Table 1 for codes, see section on supplementary data given at the end of this article). Women with a diagnosis of hypothyroidism and hyperthyroidism on the same date (nZ481) were excluded, and women with hyperthyroidism who subsequently developed hypothyroidism (nZ8185) or vice versa (nZ1895) were censored on the date of the new diagnosis.
Breast cancer
To identify incident breast cancer cases, the cohorts of women with a diagnosis of hypothyroidism or hyperthyroidism were linked to the Danish Cancer Registry (DCR), which records all incident cancers in Denmark since 1943, with mandatory reporting since 1987 (23) . We excluded women with a breast cancer diagnosis prior to the diagnosis of hypothyroidism or hyperthyroidism. Through the DCR, we also obtained data on breast cancer stage at diagnosis (classified according to Summary Staging as localized vs non-localized disease). We also performed a linkage to the Danish Pathology Registry (24) to retrieve data on estrogen receptor (ER) status at breast cancer diagnosis starting in 1997 (as pathology data became available in that year).
Comorbid diseases
We computed the Charlson Comorbidity Index (CCI) scores for each patient based on all available DNPR inpatient hospitalization records preceding the date of diagnosis of hypothyroidism or hyperthyroidism (25) . We categorized severity of comorbidities as low (CCI scoreZ 0), medium (CCI scoreZ1-2) or high (CCI score R3), excluding breast cancer diagnoses from the CCI score calculation. We also used the DNPR to access information on clinical diagnoses of obesity and alcohol-related disease (see Supplementary Table 1 for codes).
Statistical analysis
We followed women from the date of their first diagnosis of hypothyroidism or hyperthyroidism until incident breast cancer, death, emigration, or 31 November 2013, whichever came first. We computed the expected number of breast cancer cases using national incidence rates by age (5-year bands) and year of diagnosis (5-year periods) multiplied by person-years of follow-up. We computed standardized incidence ratios (SIRs) for breast cancer as the ratio of observed to expected cancers. Breast cancer diagnoses in the first 12 months following diagnosis of thyroid disease were excluded from the calculations to avoid overestimating the association by including prevalent occult breast cancers diagnosed during the diagnostic work-up for thyroid disease. Confidence intervals (CIs) for the SIRs were computed assuming that the observed number of cases in a specific category followed a Poisson distribution, using Byar's approximation (26) . We stratified results by age at diagnosis, calendar period, CCI score categories, hospital diagnoses of obesity and alcoholrelated disease, breast cancer stage at diagnosis and ER status (for women diagnosed between 1997 and 2013). We also computed the absolute risk of breast cancer with death as a competing risk. The follow-up period was categorized as 1-5 years and O5 years. As radioactive iodine (RAI) treatment may increase breast cancer risk (27) , we conducted a sensitivity analysis in which followup was censored at initiation of RAI treatment. Smoking is an established risk factor for Graves' disease (28), we therefore also conducted a sensitivity analysis excluding patients with Graves' disease in order to reduce potential confounding by smoking. We restricted this analysis to 1994-2011, the period during which there was a specific code for Graves' disease in the Danish ICD version (see Supplementary Table 1 for codes). Finally, we conducted a sensitivity analysis restricted to women who were diagnosed with hypothyroidism or hyperthyroidism starting in 1995 or later in order to capture information on outpatient diagnoses.
The study was approved by the Danish Data Protection Agency, record number 1-16-02-1-08. Studies based on registry data in Denmark do not require informed consent.
Results
There were 61 873 women diagnosed with hypothyroidism (median age at diagnosis: 71 years, interquartile range (IQR): 52-82 years) and 80 343 women diagnosed with hyperthyroidism (median age: 70 years, IQR: 55-82 years). Median follow-up was 4.9 years (IQR: 1.8-9.8 years) for patients with hypothyroidism and 7.4 years (IQR: 3.1-13.5 years) for patients with hyperthyroidism respectively. The proportion of women diagnosed with hypothyroidism increased substantially over time. In the calendar periods when outpatient diagnoses were available, 15.0% of hypothyroidism cases were diagnosed during 1998-2002, compared with 35.2% during 2008-2013 (Table 1 ). The corresponding percentages for hyperthyroidism were 20.4 and 20.6%. Most patients had no comorbidity requiring hospitalization at the time of diagnosis of hypothyroidism (65.8%) or hyperthyroidism (74.8%). Hospital diagnoses of obesity were more prevalent among women with hypothyroidism compared with hyperthyroidism (8.5 vs 3.5%). Less than 2% had a diagnosis of alcohol-related disease.
Overall, hyperthyroidism was associated with an increased risk of breast cancer (SIR: 1.11, 95% CI: 1.07-1.16), while hypothyroidism was associated with a slightly decreased risk of breast cancer (SIR: 0.94, 95% CI: 0.88-1.00) ( 
Discussion
This nationwide population-based cohort study spanning over a 30-year period revealed an elevated risk of breast cancer in women with hyperthyroidism, which increased with longer follow-up. Over the same period, women with hypothyroidism experienced a slightly decreased risk of breast cancer. During the last 50 years, several epidemiological studies have examined the association between thyroid disorders and the risk for breast cancer. Most of the previous studies examined the effect of thyroid hormone levels on breast cancer risk in a case-control setting (14, 16, 17, 29) , in which reverse causation may be difficult to rule out. Our findings are in line with three of the earlier cohort studies that found an association between higher premorbid levels of thyroid hormone and breast cancer risk (11, 12, 15) , while the fourth cohort study found an association between low levels of free thyroxine and an increased risk of breast cancer (9) . The lack of increase in the risk of breast cancer in women with hypothyroidism, observed in this study, is also in agreement with the results of a recent meta-analysis of 12 observational studies showing no association between hypothyroidism and breast cancer risk (18) .
Several biological processes may underlie the observed associations between thyroid diseases and breast cancer risk. In vitro studies have demonstrated a proliferative effect of triiodothyronine (T 3 , the active thyroid hormone) in the breast (5, 6) . At the cellular level, T 3 binds to highaffinity nuclear receptors and induces transcription of target genes involved in energy homeostasis and cell proliferation. In vitro studies suggest a critical role of these receptors in breast cancer development (5, 30, 31). In contrast to the experimental evidence that T 3 and estrogen synergistically stimulate certain breast cancer cell lines (3, 4, 6, 32) , in our study, the association between hyperthyroidism and breast cancer risk was not modified by ER status. We conducted a large nationwide population-based cohort study, with complete follow-up and highly valid data for thyroid disease (21, 23, 33) and breast cancer diagnoses (34, 35) . The higher incidence of hyperthyroidism compared with hypothyroidism is in agreement with previous studies (36), as is the increased incidence of thyroid disease over time (37) . One contributing factor to the higher incidence in hyperthyroidism is the fact that before 1995 only inpatient diagnosis were recorded in the DNPR (21) , and hyperthyroidism is more likely than hypothyroidism to be diagnosed and treated in an inpatient setting as also shown in our study. However, a sensitivity analysis restricted to patients diagnosed from 1995 onward and stratified by inpatient vs outpatient diagnoses, yielded similar findings. A limitation of our study was the lack of laboratory data. We were therefore unable to distinguish between clinical and subclinical thyroid disease, as we were also unable to link the hormone levels at time of diagnosis to breast cancer risk. Of note, the exposure window in hyperthyroidism is short, as the hyperthyroid state is rapidly diagnosed, and ensuing treatment normalizes thyroid levels within a few weeks (38) . Finally, the observed association between hyperthyroidism and breast cancer risk may have been underestimated due to incompletely ascertained (and therefore not adjusted for) lifestyle risk factors for breast cancer, such as obesity and alcohol consumption, both of which are associated with a reduced risk of hyperthyroidism (28, 39) but an increased risk of breast cancer (40) . We stratified our analyses by hospital diagnoses of obesity and alcohol-related illness, however, these diagnoses are likely to capture only the most severe cases. Smoking has been associated with an increased risk of Graves' disease (28) , but has no consistent association with breast cancer risk (41) , and exclusion of patients with Graves' disease did not change our estimates. Finally, we did not address the role of hormonal treatment in the observed association. The role of treatment should be explored in further studies.
In conclusion, we found an increased risk of breast cancer in women with hyperthyroidism and a slightly decreased risk in women with hypothyroidism suggesting an association between the thyroid function level and breast cancer risk.
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